
AD A075 919 AEROSPACE CORP El. SE (100 CA SPACE SCIENCES LAB c~s 1/1A SIMPLE MODEL OF TIE MAONETOSP*ERE. (U)
SEP 79 J Pt LUI SAP*4 • I Pt ERIESEN FOflOt—7S—c—6ay9

UNCLASSIF IED TR — OO 7 9(~ 96O—O5 )—6 SAMSO—TR— 79—9S Pt

I~~~ I

~Iuu Ci

1~



1.0 ~~
_ _  *~~L~ 2.2

L

I.’ : 
~ 2.O

lII~l~fflIP.i~
5 IUU~ uhII~

MICF~ fl’(~~’V RI SOt Iii ION I I SI CHAR ]

~tII~I All Ill .1



REPORT SAMSO-T R -79•95

A Simple Model of the Ma gnetosphere

J. G. LUHMANN AND L M. FRIESEN
Space Sciences Laboratory

Laboratory Operations
The Aerospace Corporation

El Segundo, Calif. 90245

12 September 1979

• r~j 
Interim Report

L

~~~ 

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED

P repared for

SPACE AND MISSILE SYSTEMS ORGANIZATION
AIR FORCE SYSTEMS COM M A N D

Los Angeles Air Force Station
P .O. Box 92960 , W orldway Pos tal Cen ter

Los A ngeles , Calif. 90009

_ _  ~~i



-~~~~~~~~ - ----

~~~~~~~

--

~~~~

_ _ _ _ _ _ _

a

Thi s interim report was submitted by The Aerospace Corporation,
El Segundo, CA 90245, under Contract No. F0470 1-78-C-0079 with the
Space and Missile Systems Organization, Contract s Management Office,
P. 0. Box 92960 , Worldway Postal Center , Los Angeles , CA 90009 . It was
reviewed and approved for The Aerospace Corporation by G. A. Paulikas,
Director , Space Sciences Laboratory. Gerhard E. Aichinger was the project
officer for Mission-Oriented Investigation and Experimentation (MOLE)
Programs.

Thi s report has been reviewed by the Information Office (01) and is
releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public , including foreign nations.

This technical report has been reviewed and is approved for publica-
tion. Publication of this report does not constitute Air Force approval of
the report’s findings or conclusions . It is published only for the exchange
and stimulation of ideas .

Gerhard E. Aichinger
Project Officer

FOR THE COMMANDER

ank J. ane Chief
Contrac Management Office



UNC LASSIFIED
SECURITY c IFICATION OF 1141$ PAGE (IS~isn Oat. Ent•t.d)

U~~~
EPORT DOCUM ENTATION PAGE BEFORE FORM

REPOR ’ w ER 2. GOVT ACCESSION ~ O. 3. RECIPIENT~S CATALOG NUMBER

SAMSO R 7 9 2~~~ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TITL E (aid Sub~jil. ) S~ T’1IPE .4 REP9RT a PERIOD OVERED

r ~~~~~~~~ LEMODEL OF THE MAGNETOSP1~ERE~ ~~~ erim r i~1.}- —
~ / ~~ “~~1 SfljI~~. VI~U. I~~~.QRT NUM R

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
7. AUTI4OR(.) . C~~NTRACT oR GRANT NUMBER(S)

/j ~~~~~ et M.1Lhmann d~~èLynn M~~Fr iesen ~~~ o~~~~1-78-C~fiø79I

9. PERFORMING O R G A N IZ A T I O N  NAME AND ADDRESS *0. PROGRAM ELEMENT. PROJECT . TA SK
AREA 6 WORK UNIT NUMBERS

The Aerospace Corporation ’
El Segundo, California 9024 5 

~~~ !~ ~
I I .  CONTROLLING OFFICE NAME AND ADDRESS ,/~ i~~~~~f ! _ ~~*1’B

Space and Missile Systems Organization ~ /4 ;I l~ Sep ~~~~~~~~~
Los Angeles Air Force Station ‘

~~~~~~~
. f .  ~4UMBER OF PAGES

Los An~ eles 1 California 90009 _________________________
$4. MONITORING AGENCY NAME A ADORESS(U dSll,,.nt t ram ConI,ollin E Office) IS. SECURITY CLASS. (of Sb!. r.porl)

Unclas sified

Wa. OECLASS IFICAT ION /OOWNGRAD ING
SCHEDULE

$5. DISTRIBUTION STATEMENT (of fbi. R•po,t)

Approved for public release; distribution unlimited

IT. DISTRIBUTION STATEMENT (of A. abstrac t .nt.,.d i~ Block 20. II dlff.r.nt from R.poft.)

IS, SUPPLEMENTARY NOTES

19. KEY WORDS (Conllnu. on rave,., aid. If n.c...my ond Identify by block ni.n b.r)

Magnetosphere model

\ .
~0. ABSTRACT (Conilnu. on revert. .id. if n.c...ary i4 ld•nUty by block nuMb.?)

A phenomenological magnetic field model for the earth ’ s magne tosphere is con-
structed from a dipole field and a uniform field directed sunward in the northern
hemisphere and antisunward in the southern hemisphere. The properties of
this simple model are compared with those of several other quantitative models.
The pre sent model is found to be more suitable fo r calculations than some other
simple model s in cases where the distant (>13 Re) magnetotail configur ation is
important . Moreover , this model is easily adaptable to changes in the field
geometry and to the description of magnetotail. asymmetries.

FORM ~OO F.c,M LEb 1413 UN~~LASSIFIE~O 4~~

, / , j  / ,/ ~ SECURITY CLASSI FICATION OF T h I S PAGE (IPISa Dale EnlSrsd)

C.~ / ~~~~~~~~~~~~~~~~ 
_____________

_ _ _



- .

PREFACE

The authors would like to than k Michael Schulz for many helpful

comments relating to the presentation of this model , especially with respect

to the method of smoothing the equatorial discontinuity. The assistance

of Henry H. Hilton in the p r o g r a m m i n g effort involved in the field line

tracing is also gratefully acknowledged.

I 
- 

-

~Li L’~t ~~~~~~~~~~~~ 

I

b. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
.
~~~~~ ~~~~~~~~ 

_



- ~~~~~~~ ,—.-- -~~.—..--,- .,.—. — 
-
~~~

-- ---.---..--—--
~
.--.--.—..—--..—.-.

~~
---—--,— , - — —--- --- - .-——---,,——,w.—, --— ——,—.- — - -— - - -

CONTENTS

PREFACE • I

INTRODUCTION 5

THE BASIC MODEL 5

PROPERTIES OF THE BASIC MODEL 7

TILTED DIPO LE 14

ADDITION OF ROTATION 16

CONCLUDING REMkRKS 19

REFERENCES 21

-F

3



FIGURES

I. The basic magnetospheric model described by eq. ( 1)  8

2. Field lines described by eq. ( 1) in the noon-midnight
plane, drawn for colatitudes within 50° of the poles
at intervals of 5° 9

3. Comparison of field strengths along field lines
originating at various latitudes in the present niodel
(eq. ( 1))  and the 13-term Mead model 10

4. Comparison of field lines originating at var ious
magnetic latitudes A in the Olson and PIitzer
(1974) (OP 74), Mead and Fairfield (1975)
(MF 75) and present magnetospheric field models
in the noon-midnight plane 12

5. Selected field lines in the noon-midnight plane of
the two term (Z T) and six term (6T) field models
(Williams and Mead , 1965) which are used in the
calculation of cosmic ray trajectories in the
magnetosphere 13

6. The magnetosphere model described
by eq. (5) 15

7. The tilted magnetosphere model described by
eq. (6) with a = 30° as it appears for the same
field lines as shown in Fig. I 17

8. Illust ration of the effect of adding the “ rotation ’
term -K /r s i n 0 t o B 18

4



- 

I.

INTRODUC TION

Models of thc magne t ic  field wi th in  the magnetosphe r e have been

developed for the purpose of numerical analyses such as particle tra-

j e c to ry  t r a c i n g  and the o r d e r i n g  of sa tel l i t e  data . Roedere r  (1969)

reviewed some of the ear l y models . W i t h i n  the last few years , Olson

and P f i tz c r  (1974) ,  Choe and Beard ( 1 9 7 4 )  and Mead and Fa i r f ie ld  (1 97 5)

have developed sophis t ica ted  mult ipl e - t e rm models which include mag-

netosp h er i c  c u r r e n t s and the t i l t  of the ea r th’ s dipole axis  with respect

to the incident  sola r wind d i r ec t i on . For many purposes , h owever , sim-

ple models a r e  des i reab le  because of the i r  ma themat ica l  t r a c t a b i l i t y .

Some simplified models have been formulated from truncated versions

of the series expansions describing the sop his t icated models (e. g. Williams

and Mcad , 1965 , Olson and P f it ze r , 1974).

In this report an a l ternat iv e simple model is descr ibed .  The basic

model is cons t ruc ted  f rom a dipole field and a un i fo rm field directed sun-

ward in the n o r t h e r n  hemisph e r e  and ant i sunward  in the sou the rn  hemi-

sphere .  Son’ie p r o p er t i e s  of the modcJ a r e  d i s c uss e d  and compared with

several other q u a n t i t a t ive models. The incorpora t ion  of tilt  or ro ta t ion-

like f e a t u r e s  by the addition of terms is deinonsi. rated to i l l u s t r a t e  the

f l ex ib i l i t y  of the model.

THE BASIC MODEL

The magnet ic  f ield of the present  unt i l ted magnetospher ic  model

is descr ibed by thc equation

I
___ _ __ _  

j



(cos 0/r 2 ) + BT sin 0 cos ~ 2 (1)

BT > 0 0 < 8 < i i • / 2

BT < O  1~/ 2 < 0 < 1 T

in which 0 is colatitude , 0 is magnetic longitude measured from mid-
night, r is the geocentric distance and ~ is the unit vector directed

perpendicula r to the di pole axis.  The f i r s t  term in (1)  describes the

di pole f ield , and the second term describes a current-sheet field which

points in opposite directions in the northern and southern hemispheres.

The current sheet extends throughout the magnetosphere, effectively

replacing the magnetopause and ring cur ren ts  in the inner magneto-

sphere. Two constants, ~ and BT, describe the dipole fi eld and the

current sheet field, respectively. At large distances from the dipole ,

the field in the magnetotail is approximately equal to B T .

The components of the magnetic field given by eq. (1) are:

13 = -Z ii cos 0/r 3 + 13T sin 0 cos (2)

So 
-~~~ sin 0/r 3 4 IL1, cos 0 cos

B
0 ~~

B
T 

sin O

where 13T changes sign at the equa to r i a l  plane as specif ied ~~hove.
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PROPERTIES OF THE BASIC MODEL

The divergence of the field g iven by eq. (1 )  vanishes, as it

must. It was found that the value B
T 

= .00015 produces a mag-

netosphere  which resembles other qua ntitative models when the dipole

field strength ~ . 31 is invoked and when r is measured in ear th

radii.  Several projected! views of the 3-dimensional model obtained

with these pa rame te r s  a re  shown in Fig. 1.

Figure 2 shows the field lines in the noon-midnight plane only.

The dimpled magnet opaus e of this model is located at r ~ 10. The co-

la t i tude  0 and radial dis tance r of the noon cusp, where the field

lines separate  to form the tail , can be found by set t ing ~ (eq. (2) )

equal to zero.  The cusp occurs at the constant colatitude

tan ’ 
~.1� = 54~ 7

0 (3)

For the parameters ii = . 31 and B1. = .00015 selected above, the

= 0 point  i~ 1) c a t c J  ~ t he radial  d ist ance

r = tan  0 / B T]
u / 3  = ~4. 3 (4)

The magnitude of E along field lines or ig inat ing at  variou s

dipole latitudes is shown in Fi g. 3 together with  similar data  given

by Mead (1964) for his 13- term model. Although the minimum ~

points in the  p r e sen t  m odel l i e  emt u~~tor~vard  ~ f t~~ m’ ~~~~~~~ i~’ ~~~ Mead7



Fig. 1. The basic magnetospheric model described by
eq. (1). Projected views from above the equa-
torial plane (top), in the noon-midnight plane
( cen te r ) ,  and f rom the sun (bottom) a re  shown.
Field lines are drawn for colatitude s within 50°
of the poles at intervals  of 5° and for  longitude
in te rva ls  of 18 0
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Fig. 2. Field lines described by eq. (1) in the noon-midnig ht
plane , drawn for colatitudes within 50° of th e poles
at intervals  of 5
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model , the behavior of B along a field line is similar. A qualitative

comparison with several hi ghly sophist icated models based on space-

craft  magnetometer  data is i l lustrated in Fi g. 4, which shows selected

field lines in the noon-midnight plane. Aside f rom the dimple in the

field lines near the days  ide magnetopause, the p resen t  simple model

appears to agree  with  the sophis t ica ted  models about as ~ve1l as the

sophis t ica ted  models agree  with each o ther  (e. g. see Walker , 1976).

However , the diurnal  var ia t ion  at cons tan t  r that occurs  in these other

models and in the observed  field does not occur in the model described

by eq. (1) .

Selected field lines of simplified models tha t a re  employed in

particle t r a j ec to ry  calculations for cosmic ray access  studies (Gall

and Orozco , 1974) are i l lustrated in Fig. 5. One obvious d i f ference

between these models and the p re sen t  model is the conf igura t ion  of the

magnetotail . In the presen t  model the rnagnetota il is composed of quasi-

parallel field lines that gradually converge toward the equatorial  plane

where they r eve r s e  direction. Many of tha o ther  simp le models are

actually ~~~~~~~~ Jr use only a t  r ~~. 13 c~. rth  radii because they h ave

tail field lines that  d ive rge  or show other unreal is t ic  behavior  (e. g.

see Olson and P f it z e r , 1974). Since the present  model more accurate ly

represents t~ c observed mnagnetotai l  ( e . g .  see Willis and P ra t t

1972) , it is superior for s imulating effec ts  related to the tail confi gurat ion.

rI .
11 
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Fig. 4. Comparison of field lines ori ginating at various
magnetic latitudes A in the Olson and Pfitzer
(1974) (OP 74), Mead and Fairfield (1975)
(MF 75), and present magnetospheric field
models in the noon-midnig ht plane
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A prima ry shortcoming of the present  model is the discontinuity

of ~ in the equatorial plane. However, this discontinuity is easily

smoothed in numerical analyses by introducing a factor tanh ( r  cos 0/

6), where ~ is a constant , in the tail field term:

B ~~~~ (cos O/r
2
) + 13T 

sin 0 cos~~ tanh (r cos 0/6)~~ (5)

(M. Schulz , personal communication).  The effect  of this modification,

as shown by Fig. 6, is essentially that of the addition of a cu r r en t  sheet

of “thickness” 5 in the equatorial plane. The value of 6 determines the

colatitude of the last “ closed” field lines and the shape of the magneto-

pause near the equator .

TILTED DIPOLE

The dipole in the present  model can be tilted with respect to the

tail by rotating the coordinate system for the cur ren t - shee t  field:

B -2 1.i. co s 0/ r 3 
~ 13~, (sin 0 cos cos a - cos 0 sin a)

B
0 

= -~~~ sin O/ r  + 13T (cos 0 cos cos a + sin 0 sin a)

B
0 

= -BT sin O cos ci

(6)

> 0 C05 0 > - sin 0 cos 0 tan a

< 0 cos 0 < - sin U cos tan a

14
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where a is the angle between the dipole axis and the tail field direction

~~. Selected field lines for the tilted model with a = 30° are shown in

Fig. 7. As in other models with a tilted dipole ( e .  g . ,  Mead and Fair-

field, 1975), some field lines appear to penetrate the magnetopause.

These lines could be eliminated if the appropriate magnetopause cur-

rents were included. I :

ADDITION OF ROTATION

A rotation-like effect can be incorporated in the basic model (2)

by adding a term to B
0 which describes a cylindrical vortex oriented

along the dipole axis:

B
0 

= 
~

BT sin 0~~K/r sin. O (7)

Here K characterizes the vortex strength , or rotational velocity.

Although this is not a particularly realistic representation of the conse-

quences of the rotation of the magnetosphere , it is qualitatively con-

sistent with the behavior that may be found at latitudes above the reg ion

of corotation.

Figure 8 i l lustrates that the effect of the above addition to B
0 

is

an asymmetr ic  distortion of the field lines and the niagnetopause. In

fact, a 1ocal-tim ~ asymme try in the magnetopause shape , similar to the

distortion produced by the rotation term in eq. (8), has been observed

(Fairfield and Mead, 1975 , McDia rmid , et. al. , 1976 ).

16



Fig. 7. The t i t l ed  m. ignetosp he r e mode l descr ibed b y eq. (b~
wi th  ‘

~ s it appca r S to  r t he  sa me fie ld u n  es as
show n in F i g. I

17



K =06

K=.30

Fig. 8. Illustration of the effect of adding the
“rotation” term - K/ r  sin 8 to B.
Equatorial  plane projections of the
field lines used in Fig. I are shown
for two value s of K
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CONCLUDIN G REMA RKS

It is noteworthy in the present  context that Mead and Fairfield

(1975), in their report describing a 17- te rm model obtained by fitting

spacecraft magnetometer data , found that the predominant non-dipole

term in the serie s expansion of B described a field directed sunward

in the northern hemisphere and antisunward in the southern hemisp here.

The advantages of using the simple model that has been described

here are obvious. The step-wise calculation of particle trajectories in

a model of the magnetospheric magnetic field with a realistic magneto-

tail can be carried out using minimal computer time . Moreover , the

eff ects on the magnetosphere of the spatial nonuniformity and temporal

variability of the sola r wind are simply modeled by adjusting BT. For

example, asymmetric dis tortions can be described by BT BT 
(x , y, z).

The possibilities afforded by the parameter ization of E T, together with

the tilt and rotation options , make this an unusually flexible magneto-

spheric model for both qualitative and quantitative analyses.

H
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LABORATORY OPE RATIONS

The Labo r atory Operations of The Aerospace Corporation is conducting

experimental and theoretical investigations necessary for the evaluation and

app licat ion of scientific advance s to new military concept s and systems. Ver-
satil ity and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problem s encounte red in the nation ’s rapidl y
developing space and missile systems. Experti se in the latest scientifi c d~ ve l-
opments is vital to the accomplishment of tasks related to these problems The
laboratories that contribute to this research are:

Aerop hysics Laboratory: Launch and ree ntry aerod ynamics , heat tr ans-
fer , reentry physics , chemical kinetics , structura l mechanics , flight dynamic s ,
atmosp heric pollution, and hi gh-power gas lasers.

Chemi stry and Physics Laborato ly: Atmosp heric reaction , and atmos-
pheric optics, chemi cal reaction S in polluted atmosp here s , chemi cal reactions
of excited species in rocket plumes, chemical thermodynamics , p lasma and
laser-induced reactions, laser chemist r y, propulsion chemistry, space vacuum
and radiation effects on materials , lub rication and surface phenomena, photo-
sensitive materials and sensor , , high preci sion laser ranging, and the appli-
cation of physics an d chemistry to problems of law enforcement and biomedicine.

Electronics R esearch Laboratory: Electromagnet i c theory, devices , and
pr opagation phenomen a , inc luding plasma electromagnetic s; quantum electronics ,
laser, , and electro -optics; communi cation sciences , applied electronics , semi -
con ducting, super conducting, an d crystal device physics, optical and acoustical
imaging; atmospheric polluti on ; millimeter wave and far-infrared technology.

Materials Sciences Laboratory; Development of new materials ; metal
matrix composites and new forms of car bon ; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; app lication of fracture mechanics to stress cor-
ro sion and fatigue-induced fractures in structural metals .

Space Sciences Lab orat o ry : A~ nospheri c and ionospheric physics , rad ia-
tion from the atmo sphere, den.ity and composition of the atmosphe re, aurora e
and ai rg low; magnetosp her ic physics , cos mic rays , gene ration and propagation
of plasma waves in the magnetosp here; solar physics , st udies of solar magnetic
fields; space astronomy, x~ ray astronomy; the effects of nuclear explosions ,
magneti c storm s, and solar activity on the earth ’ s atmosp here , ionosphere , and
magnetosp here; the effect, of optical , electromagnet ic , and particulate radia -
tions in space on space systems.
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